Abstract-Accurate luminance calibration is an important issue for stimuli in vision research. Raster-scan cathode-ray tubes present a rapidly scanning spot with a luminance of the order of 10,000 cd m-2 (the actual value depends on video timing and phosphor persistence). With little spatial integration this may result in overloading of the front stage of a photometer. More importantly, even if averaged over hundreds of milliseconds, the pulsed nature of the luminance signal will markedly reduce accuracy of the luminance measurement. A frame-synchronised photometer is described to increase measurement accuracy whilst still rapidly acquiring the result.
INTRODUCTION
How exactly do we need to calibrate the luminance of a raster-scan cathode-ray tube (CRT)? Naturally, this will depend on the specific experiments.
Generally, absolute calibration is not the most important goal. It is economical to search for extreme accuracy only where really necessary. When we try to understand the general properties of the visual system, we would hope that specific results do not change when we vary the average stimulus luminance from 50 to 60 cd m-2. More important is contrast resolution and contrast calibration. The same requirements do not exist across the entire range: often phenomena are assessed over a range of contrasts, say 0.3%, 1 %, 30% and 100%. Specific care would only be necessary to control neighbouring luminance levels for the low-contrast case, where a tenth of a candela would make much of a difference, but not for the high-contrast stimuli.
If calibration is easy, it is more likely to be done at regular intervals. Furthermore, for accurate linearization of the voltage-luminance transfer function ('gamma correction ', Foley and Van Dam, 1983, chapter 17; Stanislaw and Olzak, 1990; Metha et al., 1993) , every luminance level should be measured. Thus, luminance measurement is a relevant issue that deserves consideration, and speedy automated procedures (Pelli and Zhang, 1991) are worthwhile.
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ON A RASTER-SCAN CRT, LUMINANCE VS. TIME IS NEARLY A DELTA FUNCTION
Let us assume that the space-averaged luminance of the CRT is 50 cd m-2 and the display resolution is 640 x 480 pixels. At any given point in time, only a single pixel is excited (assuming a well-focused CRT and sufficiently high video bandwidth). Phosphor persistence prolongs the resulting screen illumination. The phosphor type P4, for example, used in monochrome TV tubes, decays down to 10% in 60 ps (Bell 1970) ; colour phosphors have a shorter persistence of 10-20 u-s. With a frame rate of 75 Hz, 480 lines, and phosphor persistence in the range of tens of microseconds, a pixel will stay lit for the duration of about one line. The local luminance will thus be in the order of 480 x 50 cd 20,000 cd m-2. Obviously, a very bright spot (with some afterglow) races along the screen raster.
DANGER OF OVERDRIVING THE PHOTOMETER
If a spotmeter is used and only a small screen area (e.g. 10 lines) is integrated by the photometer, a luminance pulse with a very low duty cycle is seen by the photometer: If some time-integrating device is not built into the very front end of the photometer, these short luminance bursts may overload its preamplifier stage. Any potential problem can be easily assessed as follows: set the screen to a homogenous grey of about 50 cd m-2. Move away from the screen until the (circular) measuring field covers most of the screen (but does not exceed it), then move towards the screen. If, in coming closer, the luminance increases, that will most likely be due to the screen's common spatial luminance inhomogeneity (centre brighter than periphery; Mollon and Baker, 1995) . If the luminance decreases, however, regardless which area of the screen is analysed, there is a likelihood that the photometer's input stage is clipping the signal.
MEASUREMENT ACCURACY VS. SETTLING OR INTEGRATING TIME OF THE PULSED LUMINANCE SIGNAL
The raster-scan on the CRT leads to another, more common problem: let us assume a frame rate of 75 Hz. As discussed above, the luminance is a short burst in time with a rather low duty cycle. This luminance pulse must be smoothed by the photometer over time to give a steady reading; let us assume a first-order lowpass for smoothing or averaging. If we head for a residual ripple of 1 % (very modest), the averaging time constant must allow 1 % decay in 1/(75 Hz) = 13.3 ms. A settling accuracy to 99% within 13 ms corresponds to a time constant of r = 1.3 s. If a photometer does not have such a long time constant, the output will show a sawtooth-modulated ripple with a modulation depth of some percent (Fig. 1) , and the digital readout will vary
